Westerly wind bursts play an important role in the development of El Niño-Southern Oscillation (ENSO) events. However, the impact of easterly wind bursts (EWBs) on the development of ENSO is still unclear. In particular, a series of strong EWBs in the summer of 2014 aroused arguments about their importance in suppressing the potential warming in the summer. In this study, we conduct a series of sensitivity experiments using the fully-coupled NCAR Community Earth System Model with prescribed strong EWBs to distinguish their impact on the development of the model El Niño events, as well as the seasonality of the potential impact. Model results indicate that wintertime warming is significantly suppressed by the EWBs in summer due to the strongest ocean-atmosphere interaction associated with the most unstable background coupled system. With stronger anomalous zonal SST gradient and relatively more stable background state, the EWB-induced cooling in autumn is smaller than the cooling induced by the summertime EWBs. In spring when the ocean-atmosphere interaction is relatively weaker, the impact of EWBs depends on the EWB-forced shift of the eastern edge of warm pool (EEWP), which is critical for the establishment of positive Bjerknes feedback. A mixed layer heat budget analysis further suggests that the seasonally-dependent impact of EWBs is mainly controlled by the zonal advective feedback process associated with the subsequent ocean-atmosphere interaction and to some extent related to the thermocline feedback as well. This study demonstrates that EWBs increase the uncertainty of the prediction of ENSO initialized in boreal spring and early summer even if the ocean subsurface precursors are strong.
Introduction
It is well known that the El Niño-Southern Oscillation (ENSO) is the most significant interannual variations in the tropics with great influences on global weather and climate (Wang et al. 2000; Alexander el al. 2002; Yang et al. 2018 ). The growth of ENSO anomalies is associated with an intense ocean-atmosphere feedback among the sea surface temperature (SST), surface zonal winds and zonal slope of the thermocline in the equatorial Pacific, i.e. the Bjerknes feedback (e.g., Bjerknes 1969; Zebiak and Cane 1987) . The accumulation and depletion of ocean heat content (HC) in the equatorial Pacific plays a critical role in sustaining the ENSO cycle (Wyrtki 1985; Jin 1997; Meinen and McPhaden 2000) . Since the HC anomalies provide preconditions for the occurrence of major ENSO events (El Niños and La Niñas), they offer the ocean "memory" of ENSO predictability on seasonal-to-interannual time scales (e.g., Cane et al. 1986 ). However, the HC state may not be a sufficient precursor for ENSO occurrence on seasonal time scale. Even with promising HC precursors, it is still challenging to predict ENSO events in seasonal forecast (e.g., predicting the ENSO status for the upcoming fall and winter during spring and early summer), although the expected ENSO phase would eventually occur. It is also generally agreed that the initiation and development of an ENSO event is closely related to the high-frequency zonal wind variations over the equatorial Pacific (Vecchi and Harrison 2000; Mcphaden et al. 2006; Fedorov and Philander 2001; Boulanger et al. 2004) . Among the large amount of literature, the role of the westerly wind bursts (WWBs) in triggering El Niño events has long been recognized and widely studied (Vecchi and Harrison 2000; Fedorov 2002 ; Lengaigne et al. 2004; Gebbie et al. 2007; Chen et al. 2015; Fedorov et al. 2015) . In contrast, the easterly wind bursts (EWBs) are nearly out of the spotlight until recently (e.g., Fedorov 2016, 2017) . To some extent, the different treatment is understandable because the causes and relationship of ENSO with EWBs have yet to be fully demonstrated in comparison with the WWBs (e.g. Puy et al. 2016a, b; Chiodi and Harrison 2014) . Recent studies suggest that the impact of EWBs on ENSO should not be overlooked. For instance, utilizing a global ocean general circulation model (OGCM), Chiodi and Harrison (2014) argued that, as the counterpart to WWBs in El Niño, the EWBs could make an important contribution to both the onset and the growth of La Niña events. On the other hand, the influence of the EWBs (WWBs) on the evolution of El Niño (La Niña) events has not been widely explored.
The recent event of warming-stalling easterly wind anomaly in the summer of 2014 demonstrated the importance of EWBs in this aspect (Hu and Fedorov 2016) . In early 2014, the HC in the tropical Pacific seemed to be ripe for a warm event. Moreover, a series of WWBs occurred from January to April (Fig. 1c) , triggering strong downwelling Kelvin waves propagating to the eastern Pacific ( Fig. 1d ) and transporting warm water eastward from the warm pool (Fig. 1e) . As a result, warm SST anomalies (SSTAs) in the central and eastern Pacific increased rapidly in March and April (Fig. 2a, b) . This situation bears noticeable resemblance to that of early 1997, when the strongest El Niño in the instrumental record by then had developed later that year. This feature lead to the expectation that an extreme El Niño event of similar scale might develop in 2014. Many climate models predicted a major El Niño to develop in 2014 and estimated that the SSTAs in the equatorial central and eastern Pacific would exceed 2 °C in the coming winter. Observationally, however, the rapid warming did not continue when it came to summer (Fig. 1a, b) . Instead, the SST tendencies turned negative in June and July (Fig. 2c, d ). Although a mild warming tendency resumed later that year, the moderate warm SST anomalies in the equatorial Pacific only reached the level of a marginal central Pacific El Niño by the end of the year (Fig. 1a, b) . However, it is noticeable that an extreme El Niño event did occur 1 year later in 2015-16. It is argued that the warm conditions in the equatorial Pacific at the end of 2014 contributed to the 2015-16 El Niño for reaching its extremity (Zhang and Gao 2017; Hu and Fedorov 2017; Santoso et al. 2017) . One may argue that the tropical Pacific HC provided a favorable condition for a major warming but other factors obstructed this potential warm in 2014.
The unusual evolution in 2014 soon drew a lot of attention on the reasons for the failed warming. A few studies propose that the unusual warming over the eastern North Pacific could be responsible for hindering the 2014 potential warming (e.g., Wu et al. 2018) . Others suggest that the persistent cold SST anomalies in the southeastern Pacific generated the tendency of easterly wind anomalies over the equatorial ocean (e.g., Zhu et al. 2016; Ineson et al. 2018 ). However, most investigations emphasize the effect of the high-frequency wind variability in 2014 as the key element. Nevertheless, different opinions have been presented about the importance of wind variability. Some emphasize that the easterly wind event in June possibly related to extratropical activity had prevented the early warming from developing to an El Niño (Min et al. 2015; Hu and Fedorov 2016) . Others (e.g. Menkes et al. 2014) , however, suggest that the lack of WWBs from April to June caused the decreased warm SSTAs in the following months. Puy et al. (2017) also demonstrated that the weak amplitude of El Niño in 2014 could be explained by the early termination of WWB events without considering EWB events. Forcing an OGCM with surface wind stress, Chiodi and Harrison (2017) showed that, with no wind stress anomaly prescribed after April, the model SSTAs rather accurately track the observed summertime Niño-3.4 SST decrease, reaching 0 °C in August as observed. Their results imply that an excessive easterly wind stress over summer is unnecessary for the springtime El Niño development to reverse the course midyear. However, since the strong EWB in 2014 appears to be unprecedented (Hu and Fedorov 2017) , one may still raise the question on whether the EWBs are important in suppressing the development of the El Niño event, with or without the preceding WWBs.
A further question is whether the timing of the EWBs plays a significant role. The fact that the strong EWB occurred in June of 2014 seemed to be critical to the subsequent oceanic evolution in the tropical Pacific. Previous works have pointed out that the strength of air-sea coupling is seasonally dependent (Chen et al. 1997; Tziperman et al. 1997; Xue et al. 1997; Zhu et al. 2015) . Clarke (2014) suggested that the ENSO anomalies were usually strong enough by July to sustain external perturbations and thus became more predictable afterward. Therefore, we would like to pose our second question about how the potential impact of EWBs may vary in different seasons of their occurrences. In posing this question, we recognize that, unlike WWBs, the seasonality of EWBs has yet to be fully documented. We also notice that the forcing by random westerly wind anomalies in late boreal summer is still critical in determining the amplitude of the 1982-1983 strong El Niño event (Takahashi and Dewitte 2016) . However, the EWB influence at this stage may not be symmetrical to the WWB effect because of nonlinearity of the Bjerknes feedback (Dommenget et al. 2013) . Nevertheless, it is deserved to figure out if the impact of EWBs possesses a seasonal dependence as the WWB impact does.
Finally, we would like to consider the EWA effect in the context of oceanic HC preconditions. As discussed earlier, many studies have demonstrated the importance of a "recharged" ocean state in major El Niño events (e.g., Jin 1997) . Previous studies have also pointed out that oceanic background conditions can influence the response to zonal wind variations (Schopf and Harrison 1983; Harrison and Schopf 1984; Busalacchi and Cane 1988; Dewitte et al. 2008) . Then, our question is how effectively EWBs affect the ENSO predictability associated with the oceanic memory. To distinguish the impacts of the EWBs in these aspects, we revisit the observed EWB in the unpredicted tropical Pacific evolution in 2014 and conduct a series of sensitivity experiments with the same EWB introduced into the coupled NCAR Community Earth System Model (CESM). These runs are designed as ensemble predictability experiments to several selected El Niño events produced by a CESM long simulation. Our purpose is to (1) isolate the EWB influence from the WWB impact, (2) examine the seasonal dependence of the model response, and (3) test the effectiveness of WEA forcing in El Niño events with different HC preconditioning. This paper is organized as follows. Section 2 describes the data sets, methods, and model experiments. Section 3 shows how well the model can "predict" the cases with different oceanic memories. In Sect. 4, we discuss the key factors that account for the seasonally-dependent impact of EWBs with model results. Last, a summary and a discussion are given in Sect. 5.
Data and methods

Data sets
The observed SST data used in this study is the NOAA Optimum Interpolation SSTv2 daily analysis with a resolution of 0.25° × 0.25° (Reynolds et al. 2007) provided by the NOAA Earth System-Research Laboratory Physical Sciences Division (Boulder, Colorado) , and available at https ://www.esrl. noaa.gov/psd/. Surface zonal wind stress is from the NOAA National Climate Data Center, calculated based on the bulk formula (Chiodi and Harrison 2017) with daily mean blended sea winds ) on a global 0.25° grid. The pentad oceanic reanalysis data including ocean currents and temperature (Behringer and Xue 2004) , as well as the pentad mixed layer heat budget terms (Huang et al. 2010) , are obtained from the NCEP Global Ocean Data Assimilation System reanalysis (GODAS) with a 1° × 0.33° horizontal resolution and 40 vertical levels. The upper ocean HC is calculated with the temperature averaged from the surface to 300 m. The anomalies are computed as the departure from climatological annual cycle of 1981-2010.
Model experiments
The sensitivity numerical experiments are conducted with the coupled earth system model NCAR CESM V1.2.2. The ocean component, Parallel Ocean Program version 2 (POP2), has a horizonal resolution of approximately 1° on tri-polar grid and a maximum depth of 5375 meters vertically divided into 60 levels. The spatial resolution of the atmospheric component, Version 5.0 of the Community Atmosphere Model (CAM5), is 1.9 × 2.5, approximately 2° × 2°. ENSO in the CESM exhibits spatial and temporal characteristics comparable to observations, though with some biases, such as an overestimation of the SST variability in the central-eastern Pacific (Deser et al. 2012; Capotondi 2013; Larson and Kirtman 2013) .
After a 250-years spin-up under the green house gas forcing fixed at the levels of year 2000, we integrated the model for additional 50 years to obtain the climatological state and provide samples of typical strong, moderate, and weak El Niño events to be used in our case analysis. Three cases, in model years 257, 282, and 295, were selected according to their evolutions of daily Niño3.4 index and the January mean upper ocean HC in the equatorial western Pacific (Fig. 3) . Case 282 (red line in Fig. 3b ) is a strong El Niño event with large amplitude warming exceeding 2.3 °C. Case 257 (orange line in Fig. 3b ) develops into a moderate warming case by the end of the year. Case 295 (green line in Fig. 3b ) is a weak warm case with smaller initial HC. To exclude the situation that these warm events are totally noise-driven and have little intrinsic predictability, a set of predictability runs (referred to as "PRED" hereafter) with ten ensemble members were performed for each of the selected cases, which are initialized with a small random perturbation applied to the temperature at the upper-level atmospheric initial conditions taken from the restart files of the long simulation. Each predictability run is integrated for 1 year, starting from 1 January.
These three sets of PRED runs serve as the baseline runs to demonstrate the impacts of EWBs. We take the EWBs in summer 2014 as the forcing to conduct a set of sensitivity experiments to the PRED runs. To introduce the impact of EWBs into CESM, we replace the zonal wind stress produced by the coupled model with the observed anomalies plus the model climatology to force the ocean component in specified time period and spatial area. The EWBs are introduced into the model in the same area as they were observed in 2014, i.e. 5°S-5°N/140°E-80°W. In order to examine the seasonality of their possible impact, we perform three groups of sensitivity experiments with the EWB forcing from the 6th to the 19th of March, June, and September of the three cases, respectively. The sensitivity runs have the same initial states as those in the PRED runs with the same number of the ensemble members and are integrated for the same length. The only difference between the two sets of experiments is the added EWB forcing in the sensitivity experiments. These three groups of sensitivity experiments are named as "EWB3", "EWB6", and "EWB9", respectively, where numeric stands for the month that the EWB forcing is prescribed. For convenience, the main features of the sensitivity experiments are depicted by a schematic in Fig. 4 .
Decompositions of heat budgets
To diagnose the dynamic and thermodynamic processes of SST response to EWBs, we apply a mixed layer heat budget analysis to the difference between the EWB and PRED runs. Following Zhu and Kumar (2018) , the budget difference equation can be written as:
where T denotes the mixed layer temperature, V the threedimensional ocean current, and ∇ the gradient operator. Q net is the net surface heat flux into the ocean, including net downward shortwave and longwave radiation, and surface sensible and latent heat fluxes. 0 and C p are density and specific heat of water, respectively, taken as constants here. R is the residual term. Moreover, we assume that the mixed layer depth (H) is constant at 50 m. The advection term −(V ⋅ ∇T) � in Eq. (1) can be further decomposed into six parts: The first three terms present the advection of anomalous current of the mean temperature, which can generate the zonal advective feedback (ZA), the meridional advective feedback (VA), and the Ekman pumping feedback (EK) respectively in a coupled system. The next term is the mean current advection of the temperature anomaly (MA). The mean vertical advection of temperature anomaly can be associated with the thermocline feedback (TH) in a coupled system. The last term represents nonlinear advection, usually referred to as nonlinear dynamical heating (NDH). In Eqs. (1) and (2), the overbar denotes the variables in PRED and the prime is the ensemble mean difference between EWBs and PRED. Particularly, case 282 with the largest HC recharged exhibits the highest predictability and smallest model spread. In the "truth" of case 282, the recharged HC (Fig. 5d) induces the initial warming in the first few months (Fig. 5b) . After June, a series of strong and basin-scale anomalous westerly wind episodes occur with weakened zonal SST gradient, further warming up the central and eastern Pacific and resulting in a strong El Niño event (Fig. 5c ). In PRED, the ensemble-mean result still shows strong episodic westerly anomalies in the summer following the initial warming ( Fig. 5f ), similar to those shown in the original simulation (Fig. 5c ). Since these high-frequency anomalies appearing in our ensemble mean prediction seem to be predictable and are accompanied with the warm SST anomalies in the equatorial Pacific (Fig. 5e) , we speculate that they may also be part of the ENSO state-dependent wind anomalies. With large HC and highly predictable westerly anomalies (Fig. 5f,  g ), all of the ten ensemble members of case 282 develop into strong events ( Fig. 5a ) with little difference in peak amplitude. For case 257, the westerly anomalies in PRED in summer and fall are relatively weaker than case 282 (Fig. 6c, f) because of the relatively weaker initial warming (Fig. 6b , e) but still make considerable contribution to promote comparable warming with the truth (Fig. 6a) . By the end of the year, the ensemble-mean result in PRED of case 257 shows a warming with its maximum in the central Pacific (Fig. 6e) , resembling a central Pacific El Niño (Kao and Yu 2009) . It should also be noted that although all the ensemble members of case 257 develop into warm events, they display varied amplitudes, i.e. three out of ten cases are out of the range of one standard deviation (two are stronger and one is weaker). With the least recharged HC, case 295 exhibits largest uncertainty (Fig. 7a) as the model-generated noise could significantly influence the evolution of the ocean and the subsequent feedback processes. The PRED results are consistent with Fedorov et al. (2015) finding: the evolution of the near-neutral state is much more uncertain than the recharged state when analyzing a set of the ensemble members, implying that the predictability is proportional to the HC precondition. Although with different model spreads, the ensemble-mean result of each case does evolve as expected, ruling out the possibility that the cases are totally noise driven.
Seasonally-dependent impact of EWBs
Overall responses of the ocean-atmosphere system to EWBs
Figures 8, 9 and 10 present the overall responses of the ocean to EWBs, including zonal wind stress, sea surface height (SSH), and SST in the equatorial Pacific. As expected, after the EWB forcing is prescribed in the model (Fig. 8) , SSH and SST show a series of significant changes in comparison to those in PRED (Figs. 9, 10) . Firstly, the EWBs pull the eastern edge of warm pool westward via inducing westward currents. At the same time, the basinwide EWBs immediately induce westward currents, further triggering upwelling in the equatorial Pacific, especially in the eastern basin where the climatological thermocline shoals. Moreover, the upwelling in the central Pacific generates an eastward propagating upwelling Kelvin wave front. By the processes mentioned above, the equatorial Pacific suffers a significant cooling in the month soon after the occurrence of EWBs. Thenceforth, the SST cooling in central and eastern Pacific prevents the development of the positive Bjerknes feedback (Bjerknes 1969) and the generation of the state-dependent westerly anomalies (Fig. 8) , in turn bringing about a subsequent SST cooling (Fig. 10) . It is interesting that the cooling in EWB relative to PRED by the end of the years shows seasonally-dependent amplitude. For EWB3, the Niño3.4 indices for cases 282 and 295 recover from the significant decrease due to the first-step impact of EWBs and rallies to the values comparable to their corresponding PRED runs by the end of the year after (Fig. 11d,  g ). In contrast, case 257 shows a negative deviation of about 0.7 °C from PRED in December, decreasing to less than a half of the amplitude in the latter (Fig. 11a) . For EWB6 and EWB9, the responses exhibit greater homogeny among the three cases (Fig. 11) . Namely, the Niño3.4 index decreases approximately 0.6-0.8 °C in the EWB6 (Fig. 11b , e, h) and 0.4-0.6 °C in the EWB9 (Fig. 11c, f, i) , respectively. In short, the impact is greatest when EWBs are introduced into the model in boreal summer, while the impacts are weaker in spring and fall, with a case dependence in spring (Fig. 11j-l) .
Thermodynamic factors accounting for seasonally-dependent impacts
Dynamically, we divide the oceanic response to the prescribed EWBs into two steps, transient and steady responses. Specifically, we consider the first 2 months following the imposed EWBs as the period of transient response and the next 2 months as the period of steady response. The two-step responses can be seen clearly from the composite evolution of the difference between the EWB and control runs for all initialized cases. Figure 12 shows the Hovmoller diagrams of the difference evolution for several key variables along the equator in the first 4 months of initialization (marked as
(g) (h) (i) Fig. 9 Time-longitude section of the daily difference in sea surface height (cm) over the equatorial Pacific (5°S-5°N) between EWB and PRED. Dots show the significant difference at the 95% confidence level using the Student's t-test. In columns 1-3, easterly wind bursts are introduced into the CESM in March, June, and September, respectively. Rows 1-3 are the results of case 257, 282, and 295, respectively M0-M3). The major transient feature is the oceanic wave adjustment to the EWB-induced strong upwelling. In particular, an intensive SST cooling in the eastern equatorial Pacific propagates westward as a Rossby wave front while its strength decreases, reaching the central Pacific by the end of M1 (Fig. 12b) . In addition, a strong upwelling signal generated in both D20 and SST near the dateline also propagates eastward as a Kelvin wave packet, which reaches the eastern boundary by the end of M1 without losing its intensity (Fig. 12b, c) . Both wave signals are associated with propagating perturbations in the near-surface zonal current (Fig. 12d) . On the other hand, a more steady response pattern emerges in the next two months (M2-M3), featuring enhanced easterly winds west of 130°E (Fig. 12a) , steepened zonal slope of the thermocline (Fig. 12c) , cooler SST east of the dateline (Fig. 12b) , and stronger basin-wide westward surface current (Fig. 12d) . Although the transient response may be dominated by a one-way oceanic adjustment to the EWB forcing, we can demonstrate that the steady response is achieved through a dynamical ocean-atmospheric feedback in the equatorial Pacific that is triggered by the EWB forcing. We also found that the strength of the ocean-atmospheric feedback in the steady response exhibited major seasonal dependency and resulted in the difference in EWBsinducing cooling by the end of the year. 
Seasonality of background ocean state and oceanatmosphere interaction
Figure 13a-c demonstrate the scatterplots of subsequent change in zonal wind stress against the change in SSTA gradient in the period of transient response, showing the difference in atmospheric response to transient SST cooling in the first-step cooling. During the development of El Niño events, the initial warming of the central and eastern Pacific would relax the zonal SST gradient and further weaken the mean trade wind. The weakening of trade wind and the generation of state-dependent westerly anomalies will amplify the warming in turn. In this sense, a subsequent change in the zonal wind stress should be expected to emerge after the cooling of SST by preventing positive Bjerknes feedback. Moreover, previous studies have argued that unstable air-sea interactions are seasonally dependent (Philander et al. 1984; Zebiak and Cane 1987) . Therefore, the seasonal dependency of wind response would be expected to result in the seasonally-dependent impact of EWBs on the following development. To further show the efficiency of wind response in generating SST cooling during the subsequent periods, Fig. 13d -f present the scatterplot of zonal wind Even though the change in SSTA gradient is smaller in EWB6 than in EWB3, the subsequent change in zonal wind stress is most significant among the three groups (Fig. 13b) , reconfirming the strongest Bjerknes feedback in boreal summer argued by the model work conducted with CCSM4 (DiNezio and Deser 2014), the previous version of the CESM used in this study. Moreover, the wind anomalies are most efficient in bringing about further SST change in EWB6 (Fig. 13e) . The summertime warmest climatological SST of the annual cycle over the central Pacific favors strong Bjerknes feedback and fast warming growth rate. If an EWB occurs at that time, the expected strong Bjerknes feedback would be disturbed, resulting in a significant weakening of the warming growth. Hence, the cooling amplitude in December of EWB6 is largest among the three EWB experiments. The strongest cooling effect is also related to the unstable ocean state in summer. Utilizing simple and intermediate coupled models, Battisti and Hirst (1989) and Chen et al. (1997) suggested that the tropical Pacific background state was most unstable in boreal summer to promote fast growth of perturbations in the coupled system. It should also be noted that the evolution of EWB6 of case 257 resembles that of 2014 in observation (Figs. 1a, 11b) , suggesting that the EWBs in the summer of 2014 possessed the ability to hinder the warming significantly, supported by previous work (e.g. Hu and Fedorov 2016) .
In EWB9, the comparable change in SST is followed by a weaker change in zonal wind stress (Fig. 13c) . At the same time, the wind anomalies are less efficient to trigger cooling in the following months (Fig. 13f) . It may be due to the reason that with stronger warming over the central and eastern Pacific in autumn, the cooling induced by EWB forcing does not significantly weaken the anomalous zonal SST gradient and prevent the state-dependent westerly anomalies. Moreover, the lack of instability in autumn related to the seasonal placement of the ITCZ (Tziperman et al. 1997 ) is likely a reason for the weaker response in EWB9. In boreal autumn when the ITCZ shifts to the south of the equator, the background atmospheric convection is relatively weak over the equator, wherefore the Bjerknes feedback is weak in autumn. In this case, the ocean-atmosphere system would be insensible to the high-frequency atmospheric forcing.
For EWB3, nearly no subsequent change in zonal wind stress is observed after the SST cooling under EWB forcing (Fig. 13a) , indicating that the atmospheric response to SST anomalies is relatively weak in spring, which was also argued by Zhu et al. (2015) . With weak wind anomaly response, the SST change in the subsequent period also presents weaker amplitude in EWB3 (Fig. 13d) . Although the wind anomaly response is weak in spring, the EWBs still pull back the east edge of the warm pool (EEWP) to some extent in all of the three cases (Fig. 10a, d, g ). Notwithstanding the proximity of the westward shift of EEWP in the three cases, the background location of EEWP shows significant difference among these cases. The EEWP of the PRED in the summer of case 282 is located far eastward than 120°W (Fig. 10d) , which may lead to an eastward shift of atmospheric convection, favoring the formation of strong positive Bjerknes feedback and a strong El Niño (Lengaigne et al. 2003) . Even with a retraction caused by EWBs, the EEWP remains in the eastern Pacific. For case 295, the EEWP of the PRED is located at the central Pacific (Fig. 10g) , unfavorable for positive Bjerknes feedback even without the EWBs. Since that, under the EWB forcing, the westward shift of EEWP does not give rise to significant cooling in the following. In short, the changes in EEWP in the EWB3 for cases 282 and 295 could not result in a deviation from the PRED. However, the withdrawal in case 257 exerts considerable influence on the development of the expected warming. Specifically, the EEWP of the PRED is located roughly at 125°W (Fig. 10a) , which enable, but merely, a relatively strong positive Bjerknes feedback. When the EWB forcing is introduced into the case, the EEWP shifts back to the west of 135°W and the coupled system becomes unfavorable for a warming comparable to the PRED. As a result, the EWB3 of case 257 ultimately results in a larger deviation from the PRED compared with case 282 and case 295. This result is also consistent with that of Fedorov et al. (2015) , who emphasized that the location of EEWP was critical for the development of El Niño events. Their results suggest that only the conditions that the EEWP has already reached the eastern Pacific by the mid-year allow for a strong Bjerknes feedback leading to strong warming in the east.
Relative contributions of ocean dynamic processes
It is believed that both thermocline feedback −w play important roles in the development of ENSO An and Jin 2001; Yeh et al. 2009; Hu et al. 2012 ). In the thermocline feedback, variations of the central and eastern equatorial Pacific thermocline can result in SST anomalies. On the other hand, the zonal advective feedback related to the mean zonal SST gradient can amplify El Niño anomalies during their growth phase with anomalous zonal currents (induced by wind anomalies) . Additionally, the
(a) Ekman pumping effect should be important for the transient oceanic response to the wind anomalies that we have discussed in the previous section.
To illustrate the relative contributions of these ENSO feedback processes, we compute a mixed layer heat budget analysis according to the difference between EWB and PRED. Figure 14 shows the evolution of composite timeaccumulated heat budget response induced by the EWB forcing averaged in the central and eastern Pacific. As expected, the amplitude of the first-step response is dominated by the vertical advection terms (blue lines), which are related to the Ekman pumping effect −w �T z and the thermocline feedback. During the subsequent change, the zonal advection terms (yellow lines) grow gradually into a comparable or even larger amplitude, reflecting the increasing importance of zonal advective feedback induced by the EWBs. With a smaller amplitude, meridional advection change (green lines) makes limited contribution to the SST change. Meanwhile, the heat flux term (purple lines) driven by the atmospheric forcing damps the SST cooling. In addition, Fig. 14 shows that differences in the heat budget terms exist among three groups of EWB runs, reconfirming the seasonallydependent impact of EWBs.
To further investigate the different roles of the feedback processes in vertical and zonal direction, we show the hovmoller diagrams for the time-accumulated vertical ( Fig. 15 ) and zonal advection (Fig. 16 ) terms in the equatorial Pacific. Figure 15a -c show that the cooling related to the vertical advection is restricted to the coastal region but with a large intensity, implying that the EWBs may shift the SST warming center to the west of the original location and modulate the category of the events. To be more specific, the Ekman pumping associated with the anomalous upwelling caused by EWB dominates the vertical term, but shows little seasonality for its uniform amplitude among the three seasons ( Fig. 15d-f) . On the other hand, the thermocline feedback, which is related to the change in vertical temperature gradient, does to some extent contribute to the seasonally-dependent impacts of EWB with warming effect in EWB3 but cooling effect in EWB6 and EWB9 (Fig. 15g-i ). The influence with reverse sign might be largely related to the original vertical velocity in different seasons since EWB should raise the thermocline and enhance the vertical temperature gradient in all seasons.
However, it should still be noted that the influence of the thermocline feedback should not take the dominant responsibility for the seasonal dependency because of its restricted zonal scale. Instead, although the zonal advection shows a relatively smaller amplitude compared to the vertical terms, it presents a basin-wide zonal scale and makes a large contribution to the seasonality of the subsequent cooling ( Fig. 16a-c) . For the EWB6 (Fig. 16b-h ), great cooling in the central Pacific is caused by the large negative zonal advection term that is dominated by zonal advective feedback process (Fig. 16e) . On the other hand, for the EWB3 and the EWB9 (Fig. 16d, f) , its relatively smaller zonal advective feedback term should be responsible to the weaker cooling. Also, the case-dependent impact of EWBs for the EWB3 is controlled by the different amplitudes of zonal advection in three cases, i.e. the cooling of the central and eastern Pacific caused by the zonal advection is weak for cases 282 and 295 but significant for case 257 (not shown separately). This result suggests that the seasonally-dependent impacts of EWBs are to a great extent tied to the zonal advective feedback process associated with the subsequent ocean-atmosphere interaction after the first-step cooling. In summary, the EWB-induced Ekman pumping generates immediate equatorial upwelling and surface cooling in the first-step response. However, since this process is fast and transient, it does not contribute significantly to the seasonality of the response to EWBs. Secondly, both thermocline feedback and zonal advective feedback are longer lasting and can make more substantial contributions in the second-stage response. Thirdly, between these two, the zonal advective feedback is the primary factor responsible for the seasonal dependence of the EWB impact. 
Summary and discussion
In this study, we have investigated the importance of easterly wind bursts for the development and evolution of El Niño events. Previous studies (Min et al. 2015; Hu and Fedorov 2016; Zhu et al. 2016) claimed that an unpredicted easterly wind event was responsible for the weaker-than-predicted amplitude of the equatorial Pacific warming in the winter of 2014. Meanwhile, other studies emphasized the lack of westerly wind events as the primary cause of the subsequent development (Menkes et al. 2014; Chiodi and Harrison 2017; Puy et al. 2017) . Indeed, WWBs are important for the onset and development of El Niño events by generating warm zonal advection and triggering downwelling Kelvin wave. However, it should also be noted that WWBs could be state dependent: a weaker SST gradient in the central Pacific favors more WWBs via the Bjerknes feedback. Since the EWBs could cool down SST as the counterpart of WWBs, the changed ocean state could further influence the subsequent development of the ocean-atmosphere system, including the occurrence and amplitude of WWBs. Seeing the great amplitude and large zonal scale of the EWB in 2014, it should be convictive that the EWB did contribute to the weaker-than-expected warming which may also be partly contributed by the lack of WWBs. In this case, we try to figure what would happen if comparable EWB occurs during other El Niño events with the consideration of the timing of occurrence and the background ocean state (i.e. HC).
Motivated by observed features, we conducted a series of sensitivity experiments using the fully coupled CESM with prescribed EWBs to investigate the their impacts. Model simulations show that the impacts of EWBs on the development of El Niño events display a seasonal dependence. The EWB-induced SST change by the end of the year is largest if EWBs occur in June, when the ocean state is most unstable (Battisti and Hirst 1989; Chen et al. 1997) and the ocean-atmosphere interaction is strongest (DiNezio and Deser 2014). We also notice that the influence of the EWBs in June on case 275 bears close resemblance to the observed feature in 2014, suggesting that the observed EWB in 2014 should play a dominant role in hindering the warming. With stronger anomalous zonal SST gradient and more stable background state, the boreal autumn EWB-induced cooling is smaller than that of the summertime. For group EWB3, a case-dependent result related to the migration of EEWP in different cases is found, indicating the importance of warm pool extension. A mixed layer heat budget analysis also confirms the seasonally-dependent impact of EWBs and further suggests that the seasonally-dependent impact of EWBs is tied to the zonal advective feedback process associated with the subsequent ocean-atmosphere interaction. In addition, the seasonal dependency is to some extent contributed by the thermocline feedback which is related to the background vertical velocity in different seasons. Meanwhile, the transient Ekman pumping that dominates the vertical advection shows little seasonality but tends to shift the warming center westward and modulate the category of the events. To sum up, the seasonally-dependent impacts of EWBs on the development of El Niño events are closely related to the seasonality of background ocean state and ocean-atmosphere interaction.
It is noteworthy however that we have neglected the impact of EWBs on the heat exchange between the atmosphere and the ocean in our model framework. Figure 17 displays the mixed layer heat budget in response to the EWBs in summer 2014 derived from the GODAS. As illustrated, the cooling of SST response to the EWBs is induced not only by dynamical processes but also by the release of heat content from the ocean caused by strong-than-normal evaporation. Nevertheless, the heat flux terms generally act as a Fig. 17 a Time series of pentad area-averaged zonal wind stress (black line, unit: Pa, tick mark on the right) and mixed layer heat budget terms (color lines, unit: °C/month, tick mark on the left) in the equatorial central Pacific region (5°S-5°N, 160°E-160°W). "dT/dt" indicates mixed layer temperature tendency (red line), "Qu" represents the zonal advection term (orange line), "Qv" stands for the meridional advection term (green line), "Qw" the sum of vertical advection and diffusion terms (blue line), and "Qq" the net surface heat flux term. b Same as a, but the mixed layer heat budget terms are averaged in the equatorial eastern Pacific region (5°S-5°N, 130°W-90°W) (a) (b) damping factor, while the dynamical processes would play more dominant roles for the response to the EWBs. In this case, our primary focus on the dynamical processes in this study is reasonable and plausible.
When examining the corresponding spread of ensemble members, we notice that, no matter with prescribed EWBs or not, the predictability of the case with greater heat content recharged is better, while the evolution of the neutral case is much more uncertain. In fact, model-generated noises emerge more easily from the neutral case and heat recharge state could help trigger state-dependent westerly anomalies. As a result, with a uniform slight perturbation in the initial condition, the neutral case would develop into more variable ending states.
Our results reconfirm the unstable ocean-atmosphere coupled system before summer, to which high-frequency atmospheric processes could make significant impacts. Considering the lack of predictability of high-frequency atmospheric activity, it may be difficult to predict the final state of ENSO events long before summer. Hence, to obtain a breakthrough on ENSO prediction after the choke point that we have confronted since the 2000s (Barnston and Tippet 2012) , greater efforts in improving the predictability of high-frequency atmospheric activity should be made in future research.
